1. Introduction {#sec1-ijerph-16-02857}
===============

Cadmium (Cd) and microplastics (plastic debris \<5 mm, hereafter indicated as MPs) are pollutants of high concern regarding ecosystem, animal, and human health that are globally dispersed in marine, freshwater, and terrestrial ecosystems \[[@B1-ijerph-16-02857],[@B2-ijerph-16-02857],[@B3-ijerph-16-02857],[@B4-ijerph-16-02857],[@B5-ijerph-16-02857]\]. Both pollutants can be transported for long distances mainly through long range air circulation, marine, and freshwater currents and contaminated biota. In general, animals and humans may be exposed to both substances through contaminated food, air, water, sediments, and soil \[[@B1-ijerph-16-02857],[@B4-ijerph-16-02857],[@B5-ijerph-16-02857]\]. Therefore, it is relevant to investigate the potential toxic effects induced by the simultaneous exposure to Cd and MPs.

Cd is a natural element that may be present at high concentrations in certain areas due to natural processes and anthropogenic activities \[[@B6-ijerph-16-02857],[@B7-ijerph-16-02857]\] and is considered a priority pollutant \[[@B8-ijerph-16-02857],[@B9-ijerph-16-02857]\]. It is classified as a human carcinogen, has long biological half-life, is bioaccumulated, and causes neurotoxicity and several other toxic effects \[[@B1-ijerph-16-02857],[@B7-ijerph-16-02857],[@B10-ijerph-16-02857],[@B11-ijerph-16-02857]\]. Concentrations of Cd in natural waters, suspended particulate matter, and sediments up to the low ppm range are widely documented \[[@B12-ijerph-16-02857],[@B13-ijerph-16-02857],[@B14-ijerph-16-02857]\] but higher concentrations in sediments were also reported \[[@B6-ijerph-16-02857]\].

In fish, Cd can cause neurotoxicity \[[@B15-ijerph-16-02857]\], oxidative stress \[[@B16-ijerph-16-02857]\], olfactory dysfunction \[[@B17-ijerph-16-02857]\], immunity disruption \[[@B18-ijerph-16-02857]\], genotoxicity \[[@B19-ijerph-16-02857]\], behavioral alterations \[[@B20-ijerph-16-02857]\], reproductive impairment, mortality, among other toxic effects \[[@B21-ijerph-16-02857],[@B22-ijerph-16-02857],[@B23-ijerph-16-02857]\]. Fish accumulate Cd \[[@B12-ijerph-16-02857],[@B24-ijerph-16-02857]\] increasing the risk of exposure and toxic effects to their predators and humans consuming contaminated specimens.

Concentrations of MPs up to the low ppm range in the water and sediments of aquatic ecosystems were found \[[@B25-ijerph-16-02857],[@B26-ijerph-16-02857],[@B27-ijerph-16-02857]\]. The MPs present in aquatic ecosystems are diverse \[[@B25-ijerph-16-02857],[@B28-ijerph-16-02857]\]. Such MPs generally contain a wide range of other chemical substances, including additives added to MPs during plastic production, chemicals adsorbed to MPs during their use in other industrial processes, and environmental contaminants adsorbed to MPs during their permanence in environmental compartments \[[@B29-ijerph-16-02857],[@B30-ijerph-16-02857]\]. The MPs present in the environment may also contain microorganisms, including human and animal pathogens \[[@B4-ijerph-16-02857],[@B31-ijerph-16-02857]\].

Fish, including species widely consumed as food by humans, ingest and uptake MPs \[[@B32-ijerph-16-02857],[@B33-ijerph-16-02857],[@B34-ijerph-16-02857]\] in other ways and accumulate them in internal tissues \[[@B35-ijerph-16-02857],[@B36-ijerph-16-02857],[@B37-ijerph-16-02857]\]. After entering into the fish body, MPs and/or the chemicals that they contain are able to cause a wide range of toxic effects, including neurotoxicity \[[@B38-ijerph-16-02857],[@B39-ijerph-16-02857]\], oxidative stress and damage \[[@B40-ijerph-16-02857],[@B41-ijerph-16-02857],[@B42-ijerph-16-02857]\], adverse intestinal alterations \[[@B43-ijerph-16-02857],[@B44-ijerph-16-02857]\], changes in nutritional composition and energy reserves \[[@B45-ijerph-16-02857]\], behavior alterations \[[@B46-ijerph-16-02857],[@B47-ijerph-16-02857],[@B48-ijerph-16-02857]\], and endocrine disruption \[[@B49-ijerph-16-02857]\], among several others \[[@B50-ijerph-16-02857],[@B51-ijerph-16-02857]\]. Therefore, aquatic species consumed as food by humans may be contaminated by MPs and other chemicals and microorganisms associated to MPs, and they may have a decreased health and nutritional value. Thus, in addition of being a considerable environmental problem, the contamination of aquatic ecosystems by MPs may also be a risk to public health.

Estuaries have a very high conservational and economic value at global scale, and provide most important ecosystem services \[[@B52-ijerph-16-02857]\]. They receive environmental contaminants inputs from both marine and continental origins, including MPs \[[@B53-ijerph-16-02857],[@B54-ijerph-16-02857]\]. Several of these environmental contaminants may sink and concentrate in particular sites of estuaries. Moreover, in several regions, human and industrial settlements are located in the vicinity of estuaries and other coastal ecosystems, contributing to direct inputs of several environmental contaminants. Thus, estuarine biota is often at increased risk of simultaneous exposure to different toxic chemicals such as Cd and MPs.

In the environment, MPs may adsorb and accumulate Cd \[[@B55-ijerph-16-02857],[@B56-ijerph-16-02857]\]. Therefore, MPs may be an additional route of exposure of the biota and humans to Cd. Additionally, the simultaneous exposure to MPs and Cd may result in toxicological interactions, increased toxicity, and higher Cd bioaccumulation, as found recently in a study with the zebrafish (*Danio rerio*) chronically exposed to Cd and polystyrene MPs \[[@B57-ijerph-16-02857]\]. However, reduced toxic effects caused by polystyrene MPs-Cd mixtures and decreased Cd accumulation in fish (*Symphysodon aequifasciatus*) after chronic exposure were also reported \[[@B58-ijerph-16-02857]\]. Therefore, the toxic effects of Cd and MPs-Cd mixtures in fish deserve further investigation.

The common goby *Pomatoschistus microps* (Krøyer, 1838) is a common and abundant species in a high number of European coastal ecosystems \[[@B59-ijerph-16-02857]\], where it is an important prey for higher level predators, including species consumed by humans \[[@B60-ijerph-16-02857]\]. *P. microps* is a good bioindicator \[[@B12-ijerph-16-02857],[@B61-ijerph-16-02857]\] and a suitable test organism \[[@B62-ijerph-16-02857],[@B63-ijerph-16-02857]\]. Because in shallow water systems, juveniles feed on both zooplankton and benthic preys, they may be simultaneously exposed to chemical contaminants present in the water and sediments \[[@B46-ijerph-16-02857],[@B60-ijerph-16-02857]\]. *P. microps* ingests MPs of different sizes and toxic effects induced by exposure to MPs have been found in this species, such as mortality (decrease of the predatory performance and neurotoxicity \[[@B38-ijerph-16-02857],[@B46-ijerph-16-02857],[@B64-ijerph-16-02857]\]. Moreover, *P. microps* accumulates Cd with concentrations reported in fish from polluted estuarine sites in the low ppm range, such as a mean of 4.38 µg/g dry weight (dw) in muscle tissue \[[@B12-ijerph-16-02857]\].

The goals of this study were to investigate the short-term toxicity of Cd to wild *P. microps* juveniles, the potential modulation of acute Cd toxicity by polyethylene MPs in this species, and possible differences of sensitivity to Cd and MPs-Cd mixtures between juveniles from two distinct wild populations.

2. Materials and Methods {#sec2-ijerph-16-02857}
========================

2.1. Chemicals {#sec2dot1-ijerph-16-02857}
--------------

Cadmium chloride (pentahydrate, analytic grade, Merck, Germany) was used as Cd source. Cd was selected as a test substance because it is a ubiquitous pollutant commonly found in estuaries sometimes at increased concentrations \[[@B12-ijerph-16-02857]\], is very toxic \[[@B1-ijerph-16-02857]\], and its chronic toxicity and bioaccumulation in fish were found to be modulated by polystyrene MPs with some apparent contradictory results \[[@B57-ijerph-16-02857],[@B58-ijerph-16-02857]\].

MPs were polyethylene microspheres (1--5 µm diameter) from Cospheric -- Innovations in Microtechnology, USA. According the indications provided by the manufacturer, their properties were: red opaque color; 1-5 µm of diameter; 1.2 g/cc density; and they were fluorescent (365, 460, and 470 nm excitation and 588 emission wavelengths). These particles were selected as MPs model mainly because polyethylene is one of the types of plastics most produced and found in marine organisms and in the environment \[[@B25-ijerph-16-02857]\], their fluorescence allows easy quantification of exposure concentrations, their toxicity to *P. microps* was previously investigated \[[@B60-ijerph-16-02857],[@B63-ijerph-16-02857]\] providing some basic knowledge, and more knowledge on the toxicity of MPs in the low micro-size range and on their toxicological interactions with other common pollutants is needed \[[@B4-ijerph-16-02857]\].

The salt used to prepare the artificial water for fish acclimatization and testing was the Ocean Fish salt from PRODAC, Italy. The Bradford reagent was from Bio-Rad (Germany), and all the other chemicals were of the highest purity available and purchased from Sigma-Aldrich (Germany) or Merck (Germany).

2.2. Ethical Issues {#sec2dot2-ijerph-16-02857}
-------------------

The collection of fish in wild populations and the experimentation had authorization from the Portuguese Competent Authorities, including the Portuguese National "Instituto da Conservação da Natureza e das Florestas" (license numbers: 725/2016/CAPT and 617/2017/CAPT) and the Portuguese National "Direção Geral de Alimentação e Veterinária"---DGAV (DGAV reference: 0421/000/000/2017; 2017-05-31, 014227), through the project PLASTICGLOBAL (Portuguese "Fundação para a Ciência e a Tecnologia": PTDC/MAR-PRO/1851/2014; European Regional Development Fund: COMPETE 2020 programme POCI-01-0145-FEDER-016885, and LISBOA 2020 programme LISBOA-01-0145-FEDER-016885). The experiment followed the ethical principles and regulation regarding animal experimentation (European Union and Portugal), except regarding chemical anesthetics that were not used to avoid potential interference with the tested substances and reagents used for biomarkers determination \[[@B46-ijerph-16-02857]\]. Cold-induced anesthesia was used instead. L. Guilhermino and L. R. Vieira have accreditation to conduct animal experimentation (FELASA C equivalent, DGAV, Portugal).

2.3. Collection of Specimens and Samples {#sec2dot3-ijerph-16-02857}
----------------------------------------

Sampling of *P. microps* juveniles was performed in the estuaries of Minho River (M-est) and Lima River (L-est). These estuaries were selected mainly because their *P. microps* populations were previously investigated in biomonitoring studies \[[@B61-ijerph-16-02857],[@B65-ijerph-16-02857]\] and toxicity bioassays and found to have several differences, including in their relative sensitivity to some environmental contaminants such as MPs \[[@B46-ijerph-16-02857],[@B64-ijerph-16-02857]\]. Moreover, M-est and L-est are relatively close located, have comparable conditions regarding several abiotic conditions but they also have important differences in others, including in the water, sediments and biota concentrations of several environmental contaminants \[[@B65-ijerph-16-02857],[@B66-ijerph-16-02857]\]. In general, and considering the lower area of the estuaries, the L-est is more contaminated than the M-est \[[@B65-ijerph-16-02857]\].

The sampling sites were \~41°53'31" N, 8°49'28" W in the M-est and \~41°41'11.41" N, 8°49'20.42" W in the L-est, corresponding approximately to sites R2 and S1, respectively, of a previous monitoring programme carried out with *P. microps* populations from M-est and L-est \[[@B65-ijerph-16-02857]\], where a description of the sampling sites is provided. The annual mean (± standard error of the mean---SEM) of cadmium concentrations in sediments determined in that monitoring programme were 0.01 ± 0.00 µg/g dry weight (dw) in R2 and 0.06 ± 0.02 µg/g dw in S1 and were significantly (*p* \< 0.05) different \[[@B65-ijerph-16-02857]\]. The corresponding concentrations (whole body) in *P. microsps* juveniles (2--4 cm total body length) were also significantly different but followed an opposite trend: 0.03 ± 0.01 in M-est fish and 0.01 ± 0.00 µg/g dw in L-est fish \[[@B65-ijerph-16-02857]\].

For the present study, *P. microps* early juveniles (0+ age group, 108 per estuary) with about \~ 2--2.5 cm of total length were collected at low tide with a hand operated net. *P. microps* specimens with other sizes and other organisms present in the net were immediately and carefully removed and put back into the water. Fish were transported to the laboratory as soon as possible in thermally isolated boxes with water from the respective collection site.

2.4. Acclimatization of Fish to Laboratory Conditions {#sec2dot4-ijerph-16-02857}
-----------------------------------------------------

The juveniles were acclimatized to laboratory conditions for 14 days. First, they were gradually (4 days) acclimatized to artificial salt water (commercial marine salt from PRODAC, Italy, dissolved in distilled water and salinity adjusted to 18 g/L, hereafter indicated as test medium), in 60 L glass aquaria with continuous air supply as indicated in previous studies \[[@B46-ijerph-16-02857],[@B60-ijerph-16-02857]\]. Test medium temperature ranged from 20 °C to 24 °C, an ecological relevant range of temperature variation in the M-est and L-est and several other ecosystems of temperate, sub-tropical, and tropical regions \[[@B66-ijerph-16-02857],[@B67-ijerph-16-02857]\]. The photoperiod was 16 h light: 8 h dark (\~late Spring and Summer photoperiod in several South European areas). Juveniles were further acclimatized to these conditions for 10 additional days, with test medium renewed 3 times a week. During the acclimatization, juveniles were feed *ad libitum* with commercial fish food (AQUAPEX, Portugal), and the quality of water as monitored. Test medium temperature, pH, salinity, and dissolved oxygen were measured at the time of medium renewal (HACH 40d field case probe, USA; HANNA HI digital refractometer, USA). The concentrations of Cd and MPs in juveniles after capture, after acclimatization, and at the end of the bioassays were not determined because the juveniles were very small and therefore such determinations will require a considerable number of additional juveniles for such analyses only.

2.5. Exposure Conditions of the Bioassays {#sec2dot5-ijerph-16-02857}
-----------------------------------------

The feeding of juveniles was stopped 24 h before the starting of the bioassays. Two 96 h bioassays were carried out in static conditions (i.e., no test medium renewal): one with M-est juveniles and the other with L-est juveniles. They were carried generally according to OECD guidelines for acute testing with juvenile fish \[[@B68-ijerph-16-02857]\] with some modifications as further described, under environmental conditions similar to those described for the acclimatization period including the same test medium. No food was provided during the exposure period. Due to the high sensitivity of early *P. microps* juveniles to manipulation \[[@B46-ijerph-16-02857]\], specimens were measured and weighted at the end of the bioassays.

In each bioassay, juveniles were exposed individually for 96 h in glass beakers with 500 mL of test medium and continuous additional air supply \[[@B63-ijerph-16-02857]\]. Nine juveniles per treatment were used. The treatments were: control (test medium only); MPs (0.18 mg/L), 3 mg/L of Cd; 6 mg/L of Cd; 13 mg/L of Cd; 25 mg/L of Cd; 50 mg/L of Cd; 5 microplastic-cadmium (MPs-Cd) mixtures containing each one the Cd concentrations previously indicated and 0.18 mg/L of MPs.

The concentrations of MPs and Cd tested were selected based on previous studies \[[@B38-ijerph-16-02857],[@B46-ijerph-16-02857],[@B60-ijerph-16-02857],[@B69-ijerph-16-02857]\] and on the published literature. They were selected with the main goal of investigating the potential influence of MPs on Cd acute toxicity to juveniles inhabiting different estuaries. The concentrations of MPs in environmental waters reported in the literature and generally referring to particles larger than those used here are diverse \[[@B25-ijerph-16-02857],[@B28-ijerph-16-02857]\] but high concentrations of MPs such as 5.51 ± 9.09 mg/L in polluted waters were already reported \[[@B26-ijerph-16-02857]\]. Moreover, organisms can accumulate MPs \[[@B70-ijerph-16-02857]\]. Thus, even considering differences of particles' size, the concentration of MPs tested in the present study can be considered ecologically relevant.

Regarding Cd, the tested concentrations are higher than those generally reported for natural waters. However, the water column suspended particular matter, sediments, and fish may have considerable concentrations of Cd. For example, mean Cd concentrations of 6.44 µg/g (dw) in the water column suspended particular matter, of 2.63 µg/g (dw) in bottom sediments, and up to 6.92 µg/g in the biota were found in the Seixal bay (Tagus River estuary, Portugal) \[[@B12-ijerph-16-02857]\]; mean Cd concentrations up to 19 ± 2 mg/Kg (dw) were found in sediments of the Southern Atlantic coast of Spain \[[@B71-ijerph-16-02857]\]; and mean Cd concentrations between 0.9 and 56 mg/Kg (dw) were determined in the liver of the sardinelle (*Sardinella aurita*) from the Senegalese coast \[[@B72-ijerph-16-02857]\].

Treatments containing Cd alone were prepared by serial dilution in test medium of a stock solution containing 50 g/L of Cd in ultra-pure water. A stock solution of MPs (supplied as powder) with a concentration of 18 mg/L was prepared in test medium. The treatment of each bioassay containing MPs alone was prepared by dilution of the appropriate volume the stock solution in test medium to reach the nominal concentration of 0.18 mg/L. Mixture treatments were prepared by serial dilution in test medium of the appropriate volumes of the stock solutions of Cd and MPs. No dispersants were used to prepare the treatments containing MPs to have conditions more similar to those occurring in estuarine ecosystems.

Effect criteria were mortality, and the following biomarkers: post-exposure predatory performance (hereafter indicated as predatory performance), acetylcholinesterase (AChE), and glutathione *S*-transferases (GST) activity, and lipid peroxidation (LPO) levels. Predatory performance, AChE activity, and GST activity were selected because they are crucial for fish survival and fitness \[[@B46-ijerph-16-02857]\]. Moreover, Cd can change GST activity in fish \[[@B19-ijerph-16-02857]\]. Furthermore, in fish, Cd and some MPs were found to inhibit AChE activity \[[@B38-ijerph-16-02857],[@B73-ijerph-16-02857]\] and cause oxidative stress \[[@B16-ijerph-16-02857],[@B40-ijerph-16-02857],[@B41-ijerph-16-02857]\], 2018b,c) and behavior disruption \[[@B20-ijerph-16-02857],[@B46-ijerph-16-02857],[@B47-ijerph-16-02857]\].

During the exposure period, juveniles were observed at least twice a day including in relation to signs of stress and suffering. Dead juveniles were removed as soon as they were noticed. Test medium temperature, pH, salinity, and dissolved oxygen were determined (as previously indicated in [Section 2.3](#sec2dot3-ijerph-16-02857){ref-type="sec"}) at the beginning of the bioassays and at 24 h intervals up to 96 h.

Samples of test medium from treatments containing MPs were collected at beginning (0 h) and at the end (96 h) of the exposure period to determine their actual concentrations of MPs. The actual concentrations of MPs tested were determined by spectrofluorimetry \[[@B46-ijerph-16-02857]\] using the linear regression model indicated in a previous study of our team where the same lot of microplastics was used \[[@B63-ijerph-16-02857]\]:

The detailed procedure used to model determination is described in \[[@B63-ijerph-16-02857]\], supplementary material. Briefly, 3 independent stock solutions of MPs (1.5 mg/L) in test medium were prepared. Each one was serial diluted (1:2 volume/volume) to obtain 3 series of solutions with MPs concentrations ranging from 1.5 to 0.012 mg/L. The fluorescence of the solutions was read (470 nm excitation and 588 emission wavelengths according to MPs manufacturer in a JASCO, FP-6200 spectrophotometer, USA) immediately after preparation, plotted against the corresponding nominal MPs concentrations and a linear regression model was adjusted to the data. At the beginning and at the end of the bioassays, the fluorescence of test medium of treatments containing MPs was read and the actual MPs concentrations in test medium were calculated from the model.

The decrease of MPs concentrations over time per treatment, hereafter indicated as MPs decay, was calculated \[[@B46-ijerph-16-02857]\] as:

Because considerable MPs decay (28--35%) occurred during the bioassays, and no significant differences (*p* \> 0.05) between bioassays with juveniles from distinct estuaries or among treatments were found ([Table S1](#app1-ijerph-16-02857){ref-type="app"}), the total MPs midpoint estimated exposure concentration (EEC) was calculated \[[@B52-ijerph-16-02857]\] as:

The value obtained was 0.14 mg/L ([Table S1](#app1-ijerph-16-02857){ref-type="app"}). It was taken as the estimated exposure concentration of MPs during the bioassays, and used to express the biological results.

2.6. Determination of Biomarkers {#sec2dot6-ijerph-16-02857}
--------------------------------

After 96 h of exposure, the predatory performance of each juvenile was determined as indicated in \[[@B46-ijerph-16-02857]\] but using 30 nauplii of *Artemia franciscana* (48 h after hatching) as prey for each juvenile. The test is based on the principle that intoxicated organisms have a decreased predatory performance in relation to no-intoxicated ones. Briefly, each juvenile was transferred into a post-exposure predatory-prey chamber containing clean medium. After 5 min, 30 *Artemia* nauplli were introduced into test medium and the number of nauplii ingested by the juvenile was recorded for 3 min. After, the juvenile was removed from the chamber and the number of naupllii remaining in the chamber was counted to verify the number of nauplii ingested by the juvenile. Then, the juveniles used for the predatory performance were measured, weighted, and left resting for 2 h \[[@B46-ijerph-16-02857]\]. The resting period allowed juveniles to recover from the post-exposure predatory assay and its duration was selected based on previous studies with *P. microps* juveniles \[[@B46-ijerph-16-02857],[@B60-ijerph-16-02857],[@B63-ijerph-16-02857]\]. After, the same juveniles were sacrificed by decapitation under cold-induced anesthesia. From each juvenile, the head and the remanding body were isolated on ice and kept separately at −80 °C until further analyses. Juveniles were very small and therefore all their body was used for determination of biomarkers. Thus, the potential presence of MPs inside the body of juveniles was not analyzed for ethical reasons as it would require the use of additional fish.

In the day of biomarker analyses, samples were prepared and biomarkers were determined as indicated in \[[@B46-ijerph-16-02857]\]. Briefly, the supernatant of head homogenates was used for AChE activity determinations; in this species and in the conditions used the supernatant contains mainly AChE \[[@B74-ijerph-16-02857]\]. The remaining body was used for GST activity and LPO determinations. All the determinations were made at 25 °C after protein quantification \[[@B75-ijerph-16-02857],[@B76-ijerph-16-02857]\] and standardization \[[@B46-ijerph-16-02857]\]. The analyses were done in a Biotek, powerwave 340 spectrophotomer (USA), at 25 °C. AChE activity was determined according to the Elman's technique \[[@B77-ijerph-16-02857]\] with some adaptations \[[@B76-ijerph-16-02857]\], at 412 nm, using acetylthiocholine as substrate. GST activity was determined following \[[@B78-ijerph-16-02857]\] with some adaptations \[[@B79-ijerph-16-02857]\], at 340 nm and using 1-chloro-2,4-dinitribenzene as substrate. LPO levels were assessed through quantification of thiobarbituric reactive substances (TBARS) at 535 nm according to Reference \[[@B80-ijerph-16-02857]\] with changes \[[@B81-ijerph-16-02857],[@B82-ijerph-16-02857]\]. At the end of the enzymatic and LPO determinations, the protein content of the samples was quantified \[[@B75-ijerph-16-02857],[@B76-ijerph-16-02857]\] and used to express the enzymatic activities and LPO levels. Enzymatic activities were expressed in nanomoles of substrate hydrolyzed per minute per mg of protein (nmol/min/mg protein), and LPO levels in nanomoles of TBARS per mg of protein (nmol TBARS/mg protein).

2.7. Statistical Analyses {#sec2dot7-ijerph-16-02857}
-------------------------

Data were expressed as the mean ± SD or mean ± SEM. Data sets (abiotic and biotic) for Analysis of Variance (ANOVA) were checked for departures of normal distribution (Kolmogorov--Smirnov's test) and homogeneity of variances (Levene's test) and transformed when necessary \[[@B83-ijerph-16-02857]\]. Data expressed in percentages were arcsine transformed previously to ANOVA \[[@B83-ijerph-16-02857]\]. MPs concentrations in different treatments containing these particles were analyzed through a two-way ANOVA (2-ANOVA) with interaction, fixed factors: estuary and treatments (Cd concentrations).

The arcsine transformed percentages of mortality obtained in the two bioassays were first analyzed by two-way between-groups Analysis of Covariance (ANCOVA) after checking for the assumptions of normality, linearity, homogeneity of variances, and homogeneity of regression slopes. The independent variables were the estuary where the juveniles were collected (M-est; L-est) and the presence of MPs in treatments (yes; no), the dependent variable was the arcsine transformed percentages of mortality and the covariate was Cd concentration. To calculate the lethal concentrations of Cd to 10% (LC~10~), 20% (LC~20~) and 50% (LC~50~) of M-est and L-est juveniles after 96 h of exposure to Cd alone and in the presence of MPs, two toxicity curves were obtained for each bioassay: one by plotting the probit transformed percentages of mortality in treatments containing Cd alone versus the log transformed Cd concentrations; the other, by plotting the probit transformed percentages of mortality in treatments containing MPs-Cd mixtures against the log transformed Cd concentrations. Moreover, as no significant differences in Cd induced mortality between M-est and L-est juveniles were found by ANCOVA (as indicated in [Section 3.1](#sec3dot1-ijerph-16-02857){ref-type="sec"}), two additional curves were made with juveniles of both estuaries: one with the probit transformed percentages of mortality induced by Cd alone versus the log transformed Cd concentrations; the other with the probit transformed percentages of mortality induced by MPs-Cd mixtures versus the log transformed Cd concentrations. One log-probit model \[[@B84-ijerph-16-02857]\] was adjusted to each toxicity curve. The 96 h LC~10~, LC~20~ and LC~50~ were calculated from these models, as well as the corresponding 95% confidence interval (95% CI).

For each biomarker, the values determined in M-est and L-est control groups were compared by the Student's *t* test with equal variances assumed or not assumed as appropriate to each case. Each total biomarker data set (i.e., M-est and L-est juveniles and all treatments) was analyzed through a three-way ANOVA (3-ANOVA) with interactions (fixed factors: estuary from where fish came from, Cd concentrations, and MPs presence/absence). When significant differences between estuaries or significant interactions were found, data were further analyzed per estuary separately through a 2-ANOVA with interaction (fixed factors: Cd concentrations and MPs presence/absence), followed by the Tukey's multi-comparison test when significant differences among Cd concentrations were found. Predatory performance and AChE activity data analysis of juveniles from each estuary was complemented through the comparison of all individual treatments per biomarker using the Tukey's multi-comparison test, allowing the determination of the no observed effect concentrations (NOEC) and the lowest observed concentrations (LOEC) that may be of interest for risk assessment.

In all the statistical analyses, the significance level was 0.05. The SPSS statistic package (version 25, IBM, Armonk, NY, USA) was used.

3. Results and Discussion {#sec3-ijerph-16-02857}
=========================

In the test medium of each beaker, the pH variation was lower than 1.0 pH units, the dissolved oxygen was above 8 mg/L. No mortality was recorded in the control groups. These results are in accordance with OECD guidelines for acute testing with juvenile fish \[[@B68-ijerph-16-02857]\] regarding these parameters, and indicate that the abiotic conditions during the exposure period were adequate to *P. microps* juveniles.

The total mean (±SD) of length of the M-est juveniles that survived until the end of the bioassay and were used for biomarkers (*N* = 50) was 2.2 ± 0.2 cm, whereas the total mean (±SD) of their weight was 0.11 ± 0.04 g. The total mean (±SD) of length of the L-est juveniles that survived until the end of the bioassay and were used for biomarkers (*N* = 46) was 2.2 ± 0.3 cm, whereas the total mean (± SD) of their weight was 0.12 ± 0.05 g.

The mean (±SD, *N* = 9) of the biological parameters recorded in the control group of the bioassay with M-est juveniles were: 2.2 ± 0.2 cm length; 0.10 ± 0.03 g weight; 89 ± 8% predatory performance; 90 ± 14 nmol/min/mg protein AChE activity, 26 ± 11 nmol/min/mg protein GST activity; and 0.5 ± 0.1 nmol TBARS/mg protein. The corresponding means (±SD, *N* = 9) recorded in the control group of the bioassay with L-est juveniles were: 2.1 ± 0.3 cm length; 0.09 ± 0.04 g weight; 84 ± 14% predatory performance; 78 ± 3 nmol/min/mg protein AChE activity, 22 ± 3 nmol/min/mg protein GST activity; and 0.6 ± 0.3 nmol TBARS/mg protein.

No significant differences of length (*t*~16~ = 0.603, *p* = 0.555), weight (*t*~16~ = 0.469, *p* = 0.645), predatory performance (*t*~12.476~ = 0.773, *p* = 0.454), GST activity (*t*~9.627~ = 1.233, *p* = 0.247), or LPO levels (*t*~9.750~ = −1.080, *p* = 0.306) between juveniles from distinct estuaries were found. Thus, M-est and L-est juveniles were in a comparable developmental stage, and had comparable predatory performance, GST activity, and LPO basal levels.

Significant differences in AChE activity (*t*~8.923~ = 2.686, *p* = 0.025) between the two groups of juveniles were found, with M-est juveniles having significantly higher enzymatic activity than those of the L-est. These results indicate exposure of the L-est population to anticholinesterase agents in the natural habitat, in agreement with findings of previous studies with M-est and L-est *P. microps* populations \[[@B46-ijerph-16-02857],[@B65-ijerph-16-02857]\].

3.1. Lethal Effects of Cadmium (Cd), Microplastics (MPs) and MPs-Cd Mixtures {#sec3dot1-ijerph-16-02857}
----------------------------------------------------------------------------

In M-est juveniles, no mortality was observed under exposure to 0.14 mg/L of MPs alone ([Table S2](#app1-ijerph-16-02857){ref-type="app"}). The percentages of mortality in treatments containing Cd ranged from 22% to 100% and were similar in corresponding treatments containing Cd alone or in mixture with MPs ([Table S2](#app1-ijerph-16-02857){ref-type="app"}). In L-est juveniles, the treatment containing MPs alone (0.14 mg/L) induced 22% of mortality ([Table S2](#app1-ijerph-16-02857){ref-type="app"}). The percentages of mortality observed in treatments containing Cd alone ranged from 33% to 100% and those recorded in MPs-Cd mixtures ranged from 44% to 100% ([Table S2](#app1-ijerph-16-02857){ref-type="app"}). The integrated analysis of Cd-induced mortality (arcsine transformed percentages of mortality) by two-way ANCOVA indicated no significant differences between M-est and L-est juveniles (F~1,\ 19~ = 0.029, *p* = 0.866, partial eta squared = 0.002), no significant differences between treatments with and without MPs (ANCOVA = F~1,\ 19~ = 1.283, *p* = 0.271, partial eta squared = 0.063), and no significant interaction between the two factors (F~1,\ 19~ = 1.283, *p* = 0.271, partial eta squared = 0.063). These findings indicate that M-est and L-est juveniles have comparable sensitivity to Cd and that MPs did not influence the Cd-induced mortality.

The 96 h LC~10~, LC~20~ and LC~50~ of Cd alone and MPs-Cd mixtures to M-est and L-est juveniles are indicated in [Table 1](#ijerph-16-02857-t001){ref-type="table"}. All the values are comparable, with overlapping 95% CI for corresponding estimates. For example, the 96h-LC~50~ of Cd to M-est juveniles alone or in mixture with MPs was 7 mg/L (95% CI: 2--17 mg/L), whereas the corresponding value of Cd alone was 9 mg/L (95% CI: 0--54 mg/L), and the 96h-LC~50~ of MPs-Cd mixtures was 5 mg/L (95% CI: 0--14 mg/L). These findings also suggest comparable mortality induced by Cd in juveniles from distinct estuaries either alone or in mixture with 0.14 mg/L of MPs.

The total 96h-LC~50~ of Cd alone to *P. microps* juveniles estimated in the present study (8 mg/L, 95% CI: 2--17 mg/L, [Table 1](#ijerph-16-02857-t001){ref-type="table"}) is inside the interval of Cd 96h-LC~50~ values determined to other marine fish that can be found in the literature, ranging from 3.94 mg/L (95% CI: 3.30--4.68 mg/L) to the European sea bass *Dicentrarchus labrax* \[[@B85-ijerph-16-02857]\] to 20.12 ± 0.62 mg/L to the white seabass *Lates calcarifer* \[[@B86-ijerph-16-02857]\]. Moreover, it is close to the 72h-LC~50~ of 15.32 mg/L estimated to *Sparus aurata* \[[@B87-ijerph-16-02857]\].

3.2. Effects of Cadmium (Cd), Microplastics (MPs) and MPs-Cd Mixtures on Biomarkers {#sec3dot2-ijerph-16-02857}
-----------------------------------------------------------------------------------

The results of biomarkers are shown in [Figure 1](#ijerph-16-02857-f001){ref-type="fig"}. The analysis of each biomarker total data set by 3-ANOVA indicated significant differences (*p* ≤ 0.05) in the predatory performance and in the AChE activity between juveniles from distinct estuaries, as well as some significant (*p* ≤ 0.05) interactions between and/or among fixed factors ([Table S3](#app1-ijerph-16-02857){ref-type="app"}). LPO levels were not significantly different (*p* \> 0.05) in juveniles from different estuaries but significant (*p* ≤ 0.05) interaction between estuary and Cd, and between Cd and MPs were found. Thus, the data of these biomarkers were further analyzed for each estuary separately. Regarding GST activity, no significant differences (*p* \> 0.05) between juveniles from distinct estuaries, no significant (*p* \> 0.05) differences among treatments with distinct Cd concentrations, or among treatments with and without MPs were found ([Table S3](#app1-ijerph-16-02857){ref-type="app"}), thus no further statistical analyses were made.

### 3.2.1. Effects of Cd, MPs and MPs-Cd Mixtures on Biomarkers of M-Est Juveniles {#sec3dot2dot1-ijerph-16-02857}

The results of the analysis of each biomarker data set of M-est juveniles by 2-ANOVA are indicated in [Table 2](#ijerph-16-02857-t002){ref-type="table"}. Significant interaction between Cd and MPs was found for AChE activity, suggesting toxicological interactions between Cd and MPs affecting the activity of this enzyme. For the other parameters, no significant interaction between Cd and MPs was found ([Table 2](#ijerph-16-02857-t002){ref-type="table"}).

To further investigate the effects caused by the substances alone and in mixtures on M-est juveniles, all the individual treatments were compared ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}). Exposure to Cd alone (≥6 mg/L) significantly decreased (by 39--61%) the predatory performance of juveniles ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}A), indicating reduction of their individual fitness. Low food intake likely results in less energy available to face stress (e.g., chemical exposure, diseases, parasite infestations), delays growth and reproduction, and can cause death \[[@B46-ijerph-16-02857]\]. Thus, if a considerable number of individuals are affected in the wild, the population fitness may rapidly decrease.

As shown in [Figure 1](#ijerph-16-02857-f001){ref-type="fig"}B, exposure to Cd alone also inhibited AChE activity (up to 54%) with significant differences from the control group in fish exposed to 13 mg/L of Cd. Thus, Cd reached the brain and caused neurotoxicity through disruption of cholinergic neurotransmission. Because in teleost fish cholinergic synapses exist both in the brain and muscles, AChE inhibition may cause a wide range of adverse effects, such as visual difficulties, cognitive impairment, deficient movement coordination, swimming, and other behavioral alterations \[[@B20-ijerph-16-02857],[@B41-ijerph-16-02857],[@B46-ijerph-16-02857],[@B47-ijerph-16-02857],[@B88-ijerph-16-02857]\]. The integrity of the mentioned functions are crucial for the survival of visual predator fish, such as *P. microps*, because they need to locate potential preys at distance, to recognize and discriminate adequate prey from other organisms and particles, to pursue and capture them rapidly \[[@B64-ijerph-16-02857]\]. Proper neurologic and neuromuscular functions are also needed to escape from predators and to a high number of physiological functions \[[@B46-ijerph-16-02857]\]. Moreover, the intoxication induced by 54% of AChE inhibition may cause reduced appetite and gastrointestinal dysfunction due to the inhibition of the enzyme in muscles of the digestive system. Therefore, AChE inhibition may have contributed to the decrease of the predatory performance of juveniles exposed to Cd alone. Nevertheless, because in the treatment containing 6 mg/L of Cd the AChE activity inhibition was considerably lower (22%) than in juveniles exposed to 13 mg/L of Cd alone, and the difference in the predatory performance between the two groups was not significant ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}A,B), other mechanisms of toxicity must have been involved. These may include death of cholinergic neurons \[[@B89-ijerph-16-02857]\], neurotoxicity induced by mechanisms other than AChE inhibition, and other types of toxicity. After absorption, Cd is known to interfere with the biological roles of several essential ions, such as calcium, zinc, and magnesium, among others, and to interact with several biological targets resulting in a wide range of toxic effects \[[@B7-ijerph-16-02857],[@B11-ijerph-16-02857],[@B90-ijerph-16-02857],[@B91-ijerph-16-02857]\], the most part of them are partially unrevealed. Some of the effects that have been described in fish exposed to Cd, such as histological alterations in several organs \[[@B21-ijerph-16-02857]\], disruption of ion balance \[[@B92-ijerph-16-02857]\], changes in the expression of genes related with stress responses \[[@B87-ijerph-16-02857]\], cytotoxicity \[[@B93-ijerph-16-02857]\], among others \[[@B16-ijerph-16-02857],[@B17-ijerph-16-02857],[@B18-ijerph-16-02857],[@B94-ijerph-16-02857]\] may have also contributed to the reduction of the predatory performance found in M-est juveniles exposed to Cd alone. Although the inhibitory effect of Cd on AChE activity of several species is well known \[[@B95-ijerph-16-02857],[@B96-ijerph-16-02857]\], the mechanisms involved are very complex and are not completely understood even in mammals where they have been intensively studied \[e.g., 91,97,98\]. Among other mechanisms likely contributing to AChE inhibition, Cd-induced oxidative stress is believed to play an important role \[[@B91-ijerph-16-02857],[@B97-ijerph-16-02857]\]. In M-est juveniles exposed to Cd, the GST activity was slightly increased but not significantly different from the control group ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}C). No significant changes in LPO levels were found ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}D), thus no significant lipid oxidative damage occurred. Therefore, although these findings cannot exclude a small contribution of oxidative stress to the AChE activity inhibition in M-est juveniles exposed to 13 mg/L of Cd alone, likely this was not the main mechanism involved. An in vitro study with rat brain AChE showed that Cd acts as a non-competitive inhibitor of AChE suggesting that Cd binds to the enzyme in site(s) other than the active one \[[@B98-ijerph-16-02857]\]. Thus, it is possible that the inhibition found in M-est juveniles resulted at least partially from Cd binding to AChE. At least in some fish, Cd is also able to inhibit *ache* gene expression and activity in the first hours of exposure, an effect that may be due erroneous coding \[[@B99-ijerph-16-02857]\]. Thus, such effect may have also contributed to the AChE inhibition found in M-est juveniles.

The AChE activity inhibition caused by Cd alone found in the present study is in agreement with the anticholinesterase effects of this metal in several other fish species, such as the carps *Labeo rohita*, *Catla catla,* and *Cirrhinus mrigala* \[[@B100-ijerph-16-02857]\], the zebra fish *Danio rerio* \[[@B20-ijerph-16-02857],[@B73-ijerph-16-02857],[@B88-ijerph-16-02857]\], the rosy barb *Barbus conchonius* \[[@B101-ijerph-16-02857]\], the gilthead seabream *Sparus aurata* \[[@B102-ijerph-16-02857]\], the greater amberjack *Seriola dumerili* \[[@B103-ijerph-16-02857]\], and the peacock blennie *Salaria pavo* \[[@B99-ijerph-16-02857]\], among others \[[@B15-ijerph-16-02857],[@B96-ijerph-16-02857]\]. However, no significant effects and increased AChE activity in fish exposed to Cd were also reported, sometimes in the same study where inhibition was found but in a different tissue or at a different exposure time \[e.g., 101,103\]. A recent study with *D. rerio* \[[@B88-ijerph-16-02857]\] showed time differences of AChE inhibition induced by Cd among distinct tissues. Therefore, this factor, as well as the time of fish exposure to Cd, the concentrations of Cd tested, the type of cholinesterases present in the species and tissue analyzed, among other factors, may contribute to the apparently distinct findings reported in the literature.

M-est juveniles exposed to Cd alone did not show significant increment of LPO levels, indicating that 96 h of exposure to Cd concentrations up to 13 mg/L did not cause significant lipid oxidative damage. These findings are in good agreement with no significant lipid oxidative damage in the discus fish (*Symphysodon aequifasciatus*) after 30 days of exposure to 0.05 mg/L of Cd \[[@B58-ijerph-16-02857]\]. However, Cd-induced oxidative stress and damage in other fish species was documented \[[@B16-ijerph-16-02857],[@B18-ijerph-16-02857],[@B19-ijerph-16-02857],[@B93-ijerph-16-02857]\]. Differences in species sensitivity, tissue analyzed, exposure conditions (e.g., cadmium concentrations, exposure time, in vivo or in vitro exposure, route of exposure, test medium), among other factors may have been responsible for such apparently opposite findings.

Regarding the effects of MPs alone, M-est juveniles exposed to 0.14 mg/L of MPs alone had reductions of 20% in the mean predatory performance and of 11% in the mean AChE activity, in both cases with no significant differences in relation to the control group ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}A,B). No significant alterations of LPO levels were also found ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}D). These findings agree with previous studies testing the effects of the same type of MPs on M-est fish under comparable abiotic conditions, where small reductions of the predatory performance and AChE activity in the same order of magnitude (with or without significant differences relatively to the control group), and no significant alterations in LPO levels were reported \[[@B38-ijerph-16-02857],[@B46-ijerph-16-02857],[@B63-ijerph-16-02857]\].

Exposure of M-est juveniles to MPs-Cd mixtures significantly decreased the predatory performance (by 41--72% at Cd concentrations ≥6 mg/L) and no significant differences in relation to juveniles exposed to the corresponding concentrations of Cd alone were found ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}A). These findings and the no significant interaction between MPs and Cd in the predatory performance of M-est fish ([Table 2](#ijerph-16-02857-t002){ref-type="table"}), suggest that Cd was the mainly responsible for the inhibition of the predatory performance in M-est juveniles exposed to MPs-Cd mixtures. Such mixtures did not cause significant effects on AChE activity of M-est juveniles ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}B), despite a slight reduction of the enzymatic activity (11--16%). Therefore, the higher total mean of AChE activity obtained in 2-ANOVA results for juveniles exposed to MPs ([Table 2](#ijerph-16-02857-t002){ref-type="table"}) was mainly due to the lack of significant AChE inhibition in juveniles exposed to the MPs-Cd mixture containing 13 mg/L of Cd. Such results and the significant interaction between Cd and MPs found in 2-ANOVA ([Table 2](#ijerph-16-02857-t002){ref-type="table"}) indicate that MPs antagonized the anticholinesterase effects of Cd in M-est juveniles exposed to the MPs-Cd mixture containing 13 mg/L of Cd. At least three hypotheses (not mutually exclusive) may be raised to explain the antagonism between Cd and MPs in the AChE activity of M-est juveniles exposed to the MPs-Cd mixture containing 13 mg/L of Cd. The first hypothesis is that juveniles exposed to the MPs-Cd mixture may have uptake less Cd from test medium than those exposed to Cd alone, due to the potential adsorption of the metal to MPs in test medium and sedimentation of part of particles decreasing their bioavailability to juveniles. Cd adsorbs to polyethylene MPs \[[@B55-ijerph-16-02857],[@B56-ijerph-16-02857]\] and the concentrations of MPs in test medium decreased overtime (\~34%, [Table S1](#app1-ijerph-16-02857){ref-type="app"}). Although other processes such as the potential uptake of MPs by fish, adsorption of MPs to the internal glass wall of the beakers, among other processes as discussed in \[[@B46-ijerph-16-02857]\] may have contributed to the decay of MPs concentrations in test medium, this first hypothesis may explain at least partially the results obtained. The second hypothesis is that in juveniles exposed to the MPs-Cd mixture containing 13 mg/L of Cd part of the metal may have been bound to MPs (adsorption of Cd to MPs may have occurred in test medium and/or inside the body of juveniles) and may have been eliminated from the fish body (e.g., through the gastrointestinal tract) together with MPs without absorption. The decrease of Cd bioaccumulation caused by MPs in fish after chronic exposure \[[@B58-ijerph-16-02857]\] provide some support to the potential reduced absorption and/or increased excretion of Cd by *P. microps* in the presence of MPs. However, if occurred, these two processes should have been of small magnitude because juveniles exposed to the Cd-MPs mixture containing 13 mg/L of Cd had significantly lower predatory performance than those exposed to MPs alone but not significantly different from fish exposed to the same concentration of Cd alone ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}A). Therefore, it is possible that absorption of both Cd and MPs occurred resulting in toxic effects, as also suggested by the decrease of MPs concentration in test medium. A third hypothesis is that after potential absorption of both substances somehow the presence of MPs decreased the anticholinesterase effects of Cd. This could happen, for example, if part of Cd is bound to MPs and the MPs-Cd complex cannot reach the enzyme or do not have the capability of interact with it, resulting in decreased anticholinesterase effects. More specific studies would be needed to investigate these hypotheses.

In M-est fish, the most sensitive parameter to Cd and to MPs-Cd mixtures was the predatory performance, LOEC = 6 mg/L ([Table 2](#ijerph-16-02857-t002){ref-type="table"}).

### 3.2.2. Effects of Cd, MPs, and MPs-Cd Mixtures on Biomarkers of L-Est Juveniles {#sec3dot2dot2-ijerph-16-02857}

The results of the 2-ANOVA carried with each biomarker data set of L-est juveniles are shown in [Table 2](#ijerph-16-02857-t002){ref-type="table"}. Significant interaction between MPs and Cd in the predatory performance and AChE activity was found, suggesting toxicological interactions between the two substances affecting these parameters. No significant interaction in LPO levels was found.

L-est juveniles exposed to all treatments containing Cd alone had significantly decreased (by 51--73%) predatory performance in relation to the control group ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}E), indicating reduction of individual fitness. Based on the predatory performance, L-est juveniles (LOEC = 3 mg/L) were more sensitive to Cd alone than M-est juveniles (LOEC = 6 mg/L). Thus, the environmental conditions (e.g., pollution, food availability) of the population habitat and exposure to such conditions in pre-developmental phases influence the predatory performance of fish under Cd sub-lethal acute stress.

Contrary to M-est juveniles, L-est juveniles exposed to Cd alone did not show significant AChE activity inhibition in relation to the respective control group ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}F). Part of this may be due to the lower mean of AChE activity in the L-est control group than the corresponding mean of the M-est control group. However, this does not seem to be enough to completely explain the difference between juveniles of distinct estuaries exposed to the highest concentration of Cd. One can raise the hypothesis that because the L-est estuary has higher levels of some metals in sediments, including Cd, than those found in the M-est \[[@B65-ijerph-16-02857]\], the L-est population developed mechanisms decreasing the amount of Cd able to reach and interact with AChE. The Cd in circulation was enough to significantly decrease the predatory performance of L-est juveniles ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}E). Therefore, although not totally excluding the possibility of decreased Cd uptake and/or increased elimination in L-est juveniles, these findings suggest that other mechanisms may have been involved. A common response of fish to Cd exposure is the increase of certain proteins, including metallothioneins, and enzymes, and long-term induction of such endogenous molecules contributes to Cd tolerance \[[@B104-ijerph-16-02857]\]. Therefore, one possibility is that a slight increase of such endogenous molecules binding Cd occurred in L-est. If so, it may have been sufficient to protect AChE but not high enough to avoid other toxic effects contributing to predatory performance reduction.

As in M-est juveniles, no significant differences in LPO levels were found in L-est juveniles ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}G,H). Although with no significant differences in relation to the control group, GST activity was induced (\~1.4 folds) suggesting that oxidative stress may have occurred and have been overcome through the activation of the antioxidant system preventing lipid oxidative damage to occur ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}H).

L-est fish exposed to MPs alone had significantly decreased (54%) predatory performance ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}E), indicating significant reduction of their fitness, as previously discussed ([Section 3.2](#sec3dot2-ijerph-16-02857){ref-type="sec"}). In the experimental conditions used (i.e., very small MPs, no food, and no apparent skin damage), fish likely ingested MPs together with test medium entering passively through the mouth and may have also uptake MPs through the gills during respiration. As reported in several studies with fish and other organisms, MPs in the digestive system can cause false food satiation \[[@B70-ijerph-16-02857]\]. Therefore, one hypothesis that can explain the reduced predatory performance of L-est juveniles is the potential presence of MPs in the gastrointestinal tract causing false food satiation leading to decreased search for food. As L-est fish also had significant AChE activity inhibition (32%, [Figure 1](#ijerph-16-02857-f001){ref-type="fig"}F), another hypothesis is that the inhibition of this enzyme may have contributed to the decrease of the predatory performance, for example through the impairment of brain and/or muscular functioning as previously discussed for Cd. Additionally, other effects that have been described in fish exposed to MPs, such as MPs in gills making respiration difficult, lesions in the gastrointestinal system caused by the particles, alterations in the energy metabolism, among others \[[@B42-ijerph-16-02857],[@B43-ijerph-16-02857],[@B44-ijerph-16-02857],[@B48-ijerph-16-02857],[@B58-ijerph-16-02857]\] may have also occurred and if so they may have contributed to the predatory performance decrease. The MPs-induced reduction of L-est juveniles predatory performance is in agreement with previous findings in L-est fish exposed to the same type of MPs \[[@B46-ijerph-16-02857]\], and with the reduced predatory performance of *P. microps* juveniles \[[@B64-ijerph-16-02857]\] and of the Amazonian cichlid *Symphysodon aequifasciatus* \[[@B42-ijerph-16-02857]\] exposed to other types of MPs. It also agrees with the decreased swimming distance in the Crucian carp *Carassius carassius* \[[@B105-ijerph-16-02857]\], with the decreased swimming velocity in *D. labrax* \[[@B47-ijerph-16-02857]\], and with the decreased swimming behavior in the sheepshead minnow *Cyprinodon variegatus* \[[@B48-ijerph-16-02857]\] exposed to other types of MPs (micro or nanosized).

The significant AChE activity inhibition (32%) in L-est exposed to microplastics ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}F) indicates neurotoxicity and agrees with the anticholinesterase effects of MPs previously found in L-est *P. microps* juveniles \[[@B46-ijerph-16-02857]\], other fish species \[[@B39-ijerph-16-02857],[@B41-ijerph-16-02857],[@B42-ijerph-16-02857]\], and other organisms \[[@B106-ijerph-16-02857]\]. MPs of several sizes, including some much larger than those tested here (in some cases larger than 300 µm) were found in internal organs (e.g., liver) and tissues (e.g., dorsal muscle) of wild fish \[[@B35-ijerph-16-02857],[@B36-ijerph-16-02857],[@B107-ijerph-16-02857]\], indicating that somehow they crossed biological barriers and entered into the blood stream. Moreover, in experimental studies, MPs were found in the brain of the Crucian carp *Carassius carassius* \[[@B105-ijerph-16-02857]\] exposed to 0.053 µm or to 0.180 µm particles and of the red tilapia (*Oreochromis niloticus*) exposed to 0.1 µm MPs \[[@B39-ijerph-16-02857]\] indicating that the particles crossed the blood-brain barrier and entered into the brain. Moreover, *C. carassius* exposed to nano-sized MPs also showed behavior alterations suggesting that such alterations may have been due to the presence of the particles in the brain \[[@B105-ijerph-16-02857]\]. Furthermore, *O. niloticus* exposed to MPs also had brain AChE activity inhibition suggesting an association between the presence of the particles and the inhibition of the enzyme \[[@B39-ijerph-16-02857]\].

L-est fish exposed to all the MPs-Cd mixtures had significantly decreased predatory performance (61--73% at concentrations ≥3 mg/L) with no significant differences in relation to corresponding concentrations of Cd and MPs alone ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}E). Thus, the effects of MPs-Cd mixtures were lower than the sum of the effects caused by MPs alone (54% inhibition) and by Cd alone (51--73% inhibition). Mixtures containing Cd at concentrations ≥6 mg/L also caused significant AChE inhibition ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}F), namely 15% and 24%. The same concentrations Cd alone caused no significant inhibition of AChE activity despite a decrease of the enzymatic activity in relation to the control group. MPs alone caused 32% of AChE inhibition. Such results and the significant interactions found by 2-ANOVA in both predatory performance and AChE activity ([Table 2](#ijerph-16-02857-t002){ref-type="table"}) suggest antagonism between MPs and Cd on the predatory performance and AChE activity of L-est fish exposed to MPs-Cd mixtures. Regarding GST activity and LPO levels in L-est fish exposed to MPs-Cd mixtures, despite the lack of significant differences, the higher GST activity means (1.4--1.8 folds) in relation to the control group, and the increasing trend with the increase of the Cd concentration in the mixtures (1.4--1.8 folds) suggest that mixtures may have caused low levels of stress in L-est fish leading to the activation of antioxidant defenses preventing significant lipid oxidative damage to occur.

The toxicological interactions between Cd and MPs (polystyrene) were previously investigated in chronic studies with two freshwater fish. In *Symphysodon aequifasciatus*, MPs (32--40 µm) reduced Cd bioaccumulation, antagonized the effects of Cd in some parameters (e.g., acid phosphatase activity, alkaline phosphatase activity) but the mixtures caused higher oxidative stress and other toxic effects than Cd or MPs individually \[[@B42-ijerph-16-02857]\]. In *D. rerio,* MPs (5 µm) increased the bioaccumulation and toxicity of Cd, and mixtures induced oxidative stress \[[@B57-ijerph-16-02857]\]. The comparison of the findings in *S. aequifasciatus* \[[@B42-ijerph-16-02857]\], *D. rerio* \[[@B57-ijerph-16-02857]\] and in *P. microps* from M-est and L-est ([Figure 1](#ijerph-16-02857-f001){ref-type="fig"}) show that the properties of MPs, the species and original population of the fish, exposure time, and concentrations of the pollutants tested, among other factors may influence the toxicity of MPs, Cd, and their mixtures.

In L-est fish, the most sensitive parameter to Cd and MPs-Cd mixtures was the predatory performance (LOEC = 3 mg/L), as shown in [Table 2](#ijerph-16-02857-t002){ref-type="table"}.

3.3. Implications to Environmental and Human Risk Assessment {#sec3dot3-ijerph-16-02857}
------------------------------------------------------------

The results of the present study showed reduction of the predatory performance and neurotoxicity in *P. microps* juveniles exposed to Cd, MPs, and MPs-Cd mixtures. Intoxicated fish generally consume less food and are more susceptible to diseases and parasite infestations. Thus, such fish likely have a decreased health status in relation to healthy fish and contribute less to population sustainability. At long term, this may lead to population reduction and less prey available to higher predators with adverse consequences to higher trophic levels, to ecosystem functioning and the services provided to the human society, including human food security \[[@B4-ijerph-16-02857]\]. Moreover, Cd and MPs are accumulated by wild fish \[[@B12-ijerph-16-02857],[@B13-ijerph-16-02857],[@B35-ijerph-16-02857]\]. Intoxicated fish are more prone to be captured by predators that generally ingest a high number of preys potentially leading to their contamination by considerable amounts of Cd, MPs and the chemicals that MPs may contain. Predators of *P. microps* include species (e.g., higher trophic level fish, shrimps) widely consumed as food by humans. Therefore, humans consuming *P. microps* predators from ecosystems polluted with Cd and MPs may be at increased risk of exposure to these substances, and to the chemicals and microorganisms that MPs may have.

Fish and other aquatic animals from different regions, including from aquaculture, consumed as food by humans have been found to be contaminated by MPs \[[@B32-ijerph-16-02857],[@B37-ijerph-16-02857],[@B107-ijerph-16-02857],[@B108-ijerph-16-02857],[@B109-ijerph-16-02857]\]. Although the studies are still limited, estimates of human exposure from fish and shellfish intake are available in the literature \[[@B36-ijerph-16-02857],[@B110-ijerph-16-02857]\]. Fish and other aquatic animals from polluted sites likely have higher amounts of MPs in edible tissues than those from less contaminated areas. Other human food items have been also found to be contaminated by MPs \[[@B4-ijerph-16-02857],[@B111-ijerph-16-02857]\], and data is not available for several others (e.g., terrestrial animals and vegetable food sources). Moreover, several other exposure routes of humans to MPs exist, such as drinking water and air \[[@B4-ijerph-16-02857],[@B5-ijerph-16-02857],[@B31-ijerph-16-02857],[@B112-ijerph-16-02857]\]. A recent study documented the presence of MPs in human stool \[[@B113-ijerph-16-02857]\] (Schwabl et al., 2018), demonstrating that humans intake MPs and eliminate at least some of them. Likely, absorption of small MPs occurs, as happens in animals such as fish. Thus, more research on human exposure to MPs by different routes, absorption, and elimination from the human body is needed.

Studies in animals showed that nano-sized MPs can reach the brain \[[@B39-ijerph-16-02857],[@B105-ijerph-16-02857]\]. Moreover, MPs can cause neurotoxicity \[[@B38-ijerph-16-02857],[@B39-ijerph-16-02857],[@B41-ijerph-16-02857],[@B46-ijerph-16-02857],[@B105-ijerph-16-02857]\], impair reproduction \[[@B114-ijerph-16-02857],[@B115-ijerph-16-02857]\] and cause transgenerational effects \[[@B116-ijerph-16-02857]\], among other types of toxicity \[[@B50-ijerph-16-02857],[@B51-ijerph-16-02857],[@B106-ijerph-16-02857],[@B117-ijerph-16-02857]\]. Cytotoxicity was found in cerebral and epithelial human cells \[[@B118-ijerph-16-02857]\] and adverse effects of occupational exposure to MPs are documented \[[@B112-ijerph-16-02857]\]. Thus, high concern regarding environmental, animal, and human health effects resulting from exposure to MPs exists.

Despite the amount of studies investigating the effects of MPs carried out in the last decades, only a limited number of MPs types were investigated, whereas the MPs released to the environment include a very high diversity of particles whose properties change considerably during their long permanence in the environment \[[@B25-ijerph-16-02857]\]. Moreover, MPs contain additives and other chemicals incorporated during the production of plastic products and their use, respectively, as well as environmental contaminants and microorganisms adsorbed to the particles in the environment \[[@B4-ijerph-16-02857],[@B25-ijerph-16-02857],[@B30-ijerph-16-02857],[@B31-ijerph-16-02857]\]. The most part of such chemicals are also very toxic and microorganisms may include pathogens \[[@B4-ijerph-16-02857],[@B31-ijerph-16-02857]\]. Furthermore, in real scenarios, organisms and humans are exposed simultaneously and during their entire life to MPs and several other environmental contaminants and toxicological interactions may occur. Indeed, several laboratory studies documented toxicological interactions between MPs and other environmental contaminants in animals, including polycyclic aromatic hydrocarbons \[[@B38-ijerph-16-02857],[@B119-ijerph-16-02857],[@B120-ijerph-16-02857]\], polychlorinated biphenyls and brominated flame retardants \[[@B121-ijerph-16-02857]\], pharmaceuticals \[[@B63-ijerph-16-02857]\], chromium \[[@B46-ijerph-16-02857]\], silver \[[@B122-ijerph-16-02857]\], nickel \[[@B123-ijerph-16-02857]\], gold nanoparticles \[[@B115-ijerph-16-02857]\], mercury \[[@B40-ijerph-16-02857],[@B41-ijerph-16-02857],[@B47-ijerph-16-02857]\], cadmium \[[@B57-ijerph-16-02857],[@B58-ijerph-16-02857]\], sometimes increasing chemical toxicity, and bioaccumulation \[[@B40-ijerph-16-02857],[@B57-ijerph-16-02857]\]. Therefore, more research on these topics is urgently needed to improve risk assessment and environmental and human safety.

The present study showed some differences in the toxic effects induced by Cd, MPs, and their mixtures between two populations of *P. microps*, in good agreement with a previous study investigating the effects of MPs, Cr, and their mixtures \[[@B46-ijerph-16-02857]\]. Inter-population variability in the susceptibility to chemicals is common in other animals and humans. Typically, the hazard assessment of chemicals for environmental and human risk assessment purposes is done with laboratory organisms of a single population, often with a limited genetic variability. As the uptake, toxicity, and elimination of chemicals may be different among distinct populations, an additional challenge regarding human and environmental risk assessment of MPs and associated chemicals is to take into consideration inter-population variability in a more effective way.

Temperature and other abiotic factors are able to modulate the toxicity and bioaccumulation of MPs, several other pollutants, and mixtures. For example, temperature rise can increase MPs toxicity and bioaccumulation \[[@B42-ijerph-16-02857]\] and change the way how MPs influence the toxicity of other environmental contaminants \[[@B63-ijerph-16-02857]\]. Therefore, the modulation of MPs and their mixtures with other chemicals by abiotic factors is of most interest to improve the adaptation of the human society to climate changes. The type of modulation often changes with the properties of tested substances, biological factors (e.g., sex, age, nutritional status, and physical condition), and environmental conditions. Therefore, extrapolations and predictions are challenging and the data available is still limited. Generally, for environmental and human risk assessment purposes, the toxicity evaluations are done at one single and fixed temperature, with other fixed environmental factors to reduce experimental variability. Considering the global warming and increased environmental variability already in course due to global climate changes, more studies regarding the effects of temperature and other environmental conditions (e.g., air humidity, water salinity, pH) variation on the uptake, biotransformation, accumulation, toxicity, and elimination of MPs, associated chemicals, and mixtures are needed to improve environmental and human risk assessment of MPs and other environmental contaminants.

4. Conclusions {#sec4-ijerph-16-02857}
==============

Cd alone caused comparable lethal effects on M-est and L-est juveniles, with overall 96h-LC~10~ of 2 mg/L (95% CI: 0--4 mg/L) and 96h-LC~50~ of 8 mg/L (95% CI: 2--17 mg/L). No significant differences in the mortality induced by Cd and by MPs-Cd mixtures were found. Therefore, MPs (0.14 mg/L) did not modulate the Cd-induced mortality in *P. microps* juveniles.

Exposure (96 h) of *P. microps* juveniles to sub-lethal concentrations of Cd significantly decreased the predatory performance (M-est: NOEC = 3 mg/L, LOEC = 6 mg/L; L-est: NOEC \< 3 mg/L, LOEC = 3 mg/L) and significantly inhibited AChE activity in M-est juveniles (NOEC = 6 mg/L, LOEC = 13 mg/L), but not in L-est juveniles (NOEC = 13 mg/L). MPs alone (0.14 mg/L) significantly inhibited AChE activity and the predatory performance of L-est juveniles but not of M-est juveniles. MPs-Cd mixtures significantly decreased the predatory performance of juveniles from both estuaries (M-est: NOEC = 3 mg/L, LOEC = 6 mg/L; L-est: NOEC \< 3 mg/L, LOEC = 3 mg/L), and caused significant neurotoxicity in L-est juveniles (NOEC = 3 mg/L, LOEC = 6 mg/L) but not in M-est fish (NOEC = 13 mg/L). Thus, Cd, MPs, and MPs-Cd mixtures caused neurotoxicity and reduced the individual fitness of *P. microps* juveniles. Evidences of toxicological interactions between Cd and MPs in the predatory performance and AChE activity of *P. microps* juvenis were found, namely antagonism. Differences in the sub-lethal effects induced by Cd, MPs, and MPs-Cd mixtures on *P. microps* juveniles from distinct estuaries were observed. Inter-population variability in the sensitivity to pollutants and other environmental stressors (e.g., temperature) is common in other species, including humans. More knowledge on the effects of MPs (alone and in mixture with other environmental contaminants), on the modulation of chemical toxicity by temperature and other environmental variables, and on inter-population variability in susceptibility to MPs and other chemicals is needed.

In response to findings resulting from the research that has been carried in the last decades and to public preoccupation regarding plastic and MPs pollution and its effects, important policies, regulations, and initiatives have been implemented, such as the monitoring of marine litter (including MPs) in marine waters of the European Union (EU) in the scope of the Marine Strategy Framework Directive (Directive 2008/56/EC), the EU Plastics Strategy, and more recently the European Chemicals Agency restriction dossier on MPs added in products that is in public consultation. Also of high importance is to assess and manage the risk of human exposure to MPs. Therefore, more knowledge on the potential effects of MPs and associated chemicals on human health, environmental and human food quality, and human exposure are needed to increase human and environmental safety under the current scenario of global pollution by MPs and climate changes.
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The following are available online at <https://www.mdpi.com/1660-4601/16/16/2857/s1>, Table S1: Nominal and actual concentrations of microplastics in freshly prepared (0 h) and old test medium (96 h) of different treatments of the bioassays carried out with fish from the estuaries of Minho (M-est) and Lima (L-est) fish. The results are the mean (*n* = 3 per treatment) with corresponding standard deviation. The results of the two-way ANOVA carried with each variable to investigate differences in microplastics concentrations among treatments and between bioassays are also indicated. FLUO 0 h---fluorescence at the beginning of the bioassay. CONC 0 h---concentration of microplastics at the beginning of the bioassay. FLUO 96 h---fluorescence at the end of the bioassay. CONC 96 h---concentration of microplastics at the end of the bioassay. DECAY---percentage of decrease of microplastics concentrations. EEC---estimated exposure concentration during the bioassay. Table S2: Mortality recorded in fish from the estuaries of Minho (M-est) and Lima (L-est) Rivers in the bioassays testing the effects of cadmium, microplastics and their mixtures. N1---number of individuals per treatment at the beginning of the bioassay. N2---number of dead fish from the M-est. N3---number of dead fish from the L-est. Mort---percentage of mortality. MP---microplastics (0.14 mg/l). 3 Cd---treatment with 3 mg/l of cadmium. 3 Cd + MP -- mixture containing 3 mg/l of cadmium + 0.14 mg/l of MP. 6 Cd -- treatment with 6 mg/l of cadmium. 6 Cd + MP -- mixture containing 6 mg/l of cadmium + 0.14 mg/l of MP. 13 Cd -- treatment with 13 mg/l of cadmium. 13 Cd + MP -- mixture containing 13 mg/l of cadmium + 0.14 mg/l of MP. Table S3: Results of three-way ANOVA (3-ANOVA) with interactions (fixed factors: estuary, cadmium concentration and microplastics presence) carried out with *Pomatoschistus microps* juveniles from the estuaries of Minho and Lima rivers. Predatory performance---post-exposure predatory performance. AChE activity---Acetylcholinesterase activity. GST activity---Glutathione *S*-transferases activity. LPO levels---lipid peroxidation levels. Est---original estuary of the fish. Cd---cadmium concentration. MP---presence/absence of microplastics. Est × Cd---interaction between estuary and cadmium concentration. Est × MP---interaction between estuary and microplastics. Cd × MP---interaction between cadmium concentration and microplatics. Cd × MP---interaction between cadmium concentration and microplatics. Est × Cd × MP---interaction among estuary, cadmium and microplastics.
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![**Mean** and standard error (*N* = 3--9 per treatment) of predatory performance, acetylcholinesterase activity and lipid peroxidation levels *Pomatoschistus microps* juveniles from the estuaries of Minho (A--D) and Lima (E-H) Rivers exposed to cadmium and microplastics individually and in mixture. A and E---predatory performance. B and F---Acetylcholinesterase activity. C and G---Glutathione *S*-transferases activity. D and H---Lipid peroxidation levels. 0---control. MP---treatment containing 0.14 mg/L of microplastics only. 3, 6, 13---treatments containing 3, 6 and 13 mg/L of cadmium (alone or in mixture with microplastics). Different letters above the bars indicate statistically significant differences among treatments (Tukey's test, *p* ≤ 0.05).](ijerph-16-02857-g001){#ijerph-16-02857-f001}
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Estimated 96 h lethal concentrations (LC~10~, LC~20~ and LC~50~ of cadmium alone (Cd) and in mixture with microplastics (Cd + MP) to *Pomatochistus microps* juveniles from the estuaries of Minho and Lima Rivers with corresponding 95% confidence interval within brackets, and results of the Analysis of Covariance for several comparisons are also shown. No observed effect concentrations (NOEC) and lowest observed effect concentrations (LOEC) of Cd and MP alone, and of Cd in mixture with MP (Cd + MP) for biomarkers. Variab. Contrib.---contribution to total variance; PEPP---post-exposure predatory performance; AChE---acetylcholinesterase activity; GST---glutathione *S*-transferases activity; LPO---lipid peroxidation levels.

  --------------------------------------- ------------------------ ----------------------- ------------------- ------------------- ------------------- ----------------- --------- ---------
  **Bioassay**                            **Minho Estuary Fish**   **Lima Estuary Fish**                                                                                           

  **LC~10~ (mg/L)**                       **LC~20~ (mg/L)**        **LC~50~ (mg/L)**       **LC~10~ (mg/L)**   **LC~20~ (mg/L)**   **LC~50~ (mg/L)**                               

  Cd                                      2\                       3\                      7\                  2\                  3\                  9\                          
                                          (0--5)                   (0--7)                  (2--17)             (0--5)              (0--7)              (0--54)                     

  Cd + MP                                 2\                       3\                      7\                  2\                  2\                  5\                          
                                          (0--5)                   (0--7)                  (2--17)             (0--4)              (0--5)              (0--14)                     

  **Overall: Fish from Both Estuaries**                                                                                                                                            

  Cd                                                               Cd + MP                                                                                                         

  LC~10~ (mg/L)                           LC~20~ (mg/L)            LC~50~ (mg/L)                               LC~10~ (mg/L)       LC~20~ (mg/L)       LC~50~ (mg/L)               

  2\                                      3\                       8\                                          2\                  3\                  9\                          
  (0--4)                                  (0--6)                   (2--17)                                     (0--4)              (0--6)              (0--15)                     

  **Biomarkers**                                                                                                                                                                   

  **Biomarker**                                                    **Contaminants**                            **M-Est Fish**                          **L-Est Fish**              

                                                                   **NOEC (mg/L)**         **LOEC (mg/L)**                         **NOEC (mg/L)**     **LOEC (mg/L)**             

  PEPP                                                             Cd\                                         3\                  6\                                    \<3\      3\
                                                                   MP\                                         0.14\               \>0.14\                               \<0.14\   0.14\
                                                                   Cd + MP                                     3                   6                                     \<3       3

  AChE                                                             Cd\                                         6\                  13\                                   13\       \> 13\
                                                                   MP\                                         0.14\               \>0.14\                               \<0.14\   0.14\
                                                                   Cd + MP                                     13                  \>13                                  3         6

  GST                                                              Cd\                                         13\                 \>13\                                 13\       \>13\
                                                                   MP\                                         0.14\               \>0.14\                               0.14\     \>0.14\
                                                                   Cd + MP                                     13                  \>13                                  13        \>13

  LPO                                                              Cd\                                         13\                 \>13\                                 13\       \>13\
                                                                   MP\                                         0.14\               \>0.14\                               0.14\     \>0.14\
                                                                   Cd + MP                                     13                  \>13                                  13        \>13
  --------------------------------------- ------------------------ ----------------------- ------------------- ------------------- ------------------- ----------------- --------- ---------
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Results of two-way ANOVA with interaction (fixed factors: cadmium concentration and microplastics presence) carried out with *Pomatoschistus microps* juveniles from the estuaries of Minho and Lima rivers. BIOM---Biomarker. FAC---Factor. Pred.---predatory performance. AChE---Acetylcholinesterase activity (nmol/min/mg protein). GST---Glutathione *S*-transferases activity (nmol/min/mg protein). LPO---lipid peroxidation levels (TBARS/mg protein). Cd---cadmium concentration. Inter.---interaction. N---number of fish analyzed. SD---Standard deviation. Different letters after the mean indicate statistically significant differences among distinct concentrations of cadmium (*p* ≤ 0.05, Tukey's test).

  BIOM      FAC   Level         Minho Estuary Fish   Lima Estuary Fish                                                                                                 
  --------- ----- ------------- -------------------- -------------------------------- ---------------------------------- ----------- --------------------------------- ----------------------------------
  Pred.     Cd    0 mg/L        18                   80 ± 17 a                        F~3,\ 42~ = 14.146, *p* \< 0.001   16          64 ± 30 a                         F~3,\ 38~ = 10.124, *p* \< 0.001
  3 mg/L    14    53 ± 26 b     11                   37 ± 19 b                                                                                                         
  6 mg/L    10    38 ± 25 b     11                   31 ± 20 b                                                                                                         
  13 mg/L   8     30 ± 22 b     8                    23 ± 13 b                                                                                                         
  MP        No    25            60 ± 32              F~1,\ 42~ = 1.413, *p* = 0.241   26                                 49 ± 31     F~1,\ 38~ = 4.873, *p* = 0.033    
  Yes       25    52 ± 27       20                   34 ± 21                                                                                                           
  Inter.                                             F~3,\ 42~ = 1.011, *p* = 0.397                                                  F~3,\ 38~ = 6.253, *p* = 0.001    
  AChE      Cd    0 mg/L        18                   85 ± 14 a                        F~3,\ 42~ = 6.956, *p* = 0.001     16          67 ± 17                           F~3,\ 38~ = 3.281, *p* = 0.031
  3 mg/L    14    74 ± 15 a,b   11                   65 ± 13                                                                                                           
  6 mg/L    10    75 ± 15 a     11                   58 ± 14                                                                                                           
  13 mg/L   8     58 ± 22 b     8                    56 ± 11                                                                                                           
  MP        No    25            72 ± 22              F~1,\ 42~ = 8.237, *p* = 0.006   26                                 67 ± 12     F~1,\ 38~ = 7.170, *p* = 0.011    
  Yes       25    79 ± 12       20                   56 ± 15                                                                                                           
  Inter.                                             F~3,\ 42~ = 5.301, *p* = 0.003                                                  F~3,\ 38~ = 8.221, *p* \< 0.001   
  LPO       Cd    0 mg/L        18                   0.4 ± 0.1                        F~3,\ 42~ = 1.536, *p* = 0.219     16          0.5 ± 0.3                         F~3,\ 38~ = 2.482, *p* = 0.076
  3 mg/L    14    0.5 ± 0.1     11                   0.4 ± 0.2                                                                                                         
  6 mg/L    10    0.4 ± 0.1     11                   0.7 ± 0.4                                                                                                         
  13 mg/L   8     0.4 ± 0.1     8                    0.4 ± 0.2                                                                                                         
  MP        No    25            0.4 ± 0.1            F~1,\ 42~ = 0.299, *p* = 0.587   26                                 0.5 ± 0.3   F~1,\ 38~ = 1.582, *p* = 0.216    
  Yes       25    0.4 ± 0.1     20                   0.6 ± 0.3                                                                                                         
  Inter.                                             F~3,\ 42~ = 1.280, *p* = 0.293                                                  F~3,\ 38~ = 1.690, *p* = 0.185    
